INACTIVATION OF CRYSTALLINE TRYPSIN by Kunitz, M. & Northrop, John H.
INACTIVATION OF  CRYSTALLINE TRYPSIN 
BY M. KUNITZ AND JOHN H. NORTHROP 
(From the Laboratories of The Rockefeller Institute for Medical Research, 
Princeton, N. J.) 
(Accepted for  publication,  November  24,  1933) 
Trypsin, like other enzymes, becomes inactive when in  solution, 
and the rate at which this inactivation occurs depends upon the tem- 
perature,  the pH,  the concentration and the purity of  the solution. 
Crude trypsin preparations have a maximum stability at about pH 5.0 
and the solutions become more stable as the concentration is increased 
(1).  They  are  completely and  permanently inactivated  if  heated 
above  70°C.  Solutions of purified crystalline trypsin behave quite 
differently; they may be heated to boiling (2)  (in acid solution) for a 
short  time without permanent loss in  activity;  in  slightly alkaline 
solution they become more unstable as the concentration of the enzyme 
increases. 
Since the crystalline preparation is apparently a pure protein it is 
possible to follow changes in the composition of the solution as well as 
changes in activity.  A detailed study has been made of the inactiva- 
tion of solutions of crystalline trypsin at various pH ranges and at 
various temperatures below 37°C. in order to determine the nature of 
the reactions and to see whether the loss in activity under all conditions 
is proportional to the decrease in trypsin protein. 
Reversible  Inactivation 
The inactivation of trypsin soltrtions may be either reversible or 
irreversible.  Reversible inactivation is caused by raising the tempera- 
ture or by making the solution strongly alkaline.  This reaction is 
practically instantaneous.  The loss  in  activity is  accompanied by 
the appearance of reversibly denatured protein which is insoluble in 0.5 
• r salt solutions at pH 2.0 and which is inactive.  The native active 
protein is soluble even in molar salt  solutions at  pH 2.0.  This re- 
versibly denatured protein is in equilibrium (3) with the active native 
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protein and  reverts  to  the  active  native protein if  the  solution is 
allowed to stand at pH 2.0 and at about 20°C.  At 0°C. the reversibly 
denatured protein becomes demonstrable in  the solutions at  about 
pH 8.0.  As the alkalinity is increased from pH 8.0 to pH 12.0 the 
percentage of the trypsin protein present in this reversibly denatured 
form increases rapidly and at pH 13.0 practically all of the enzyme is 
in the denatured form.  This decrease in the active form of the enzyme 
present from pH 8.0 to 13.0 agrees quite closely with the decrease in 
the rate of digestion of proteins by trypsin in this range of pH.  The 
formation of this denatured form of the enzyme accounts for the effect 
of the pH on the digestion of proteins with trypsin on the alkaline side 
of the optimum and offers experimental evidence to show that changes 
in the nature of the enzyme protein result in corresponding changes in 
activity. 
Irreversible  Inactivation 
The  rapid  loss  in  activity  at  higher  temperatures or in alkaline 
solutions, just described, is completely reversible for a short time only. 
If  the  solutions are  allowed to  stand the loss in  activity becomes 
gradually irreversible.  This irreversible inactivation is accompanied 
by the appearance of various reaction products the nature of which 
depends upon the temperature and pH of the solution.  The loss in 
activity at various pH is shown in Fig. 1.  On the acid side of pH 2.0 
the trypsin protein is changed to an inactive protein which is irreversi- 
bly denatured by heat.  The course of the inactivation in this range 
of pH is monomolecular.  The rate of inactivation decreases as the 
acidity becomes less and is very slow at pH 2.0. 
From pH 2.0 to about pH 9.0 the trypsin protein is slowly hydro- 
lyzed  and  decomposition products  which  are  not  precipitated  by 
trichloracetic acid (non-protein nitrogen) appear in the solution.  The 
amino nitrogen content increases but no ammonia is liberated.  The 
kinetics of the irreversible inactivation in this range of pH agree with 
the assumption that the active native protein hydrolyzes the denatured 
form with which it is in equilibrium.  The irreversible inactivation is, 
therefore, bimolecular in this range of pH and the rate of inactivation 
increases  from pH  2.0  to  pH  10.0  and  then decreases.  Since  the 
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increasing acidity, while inactivation due to hydrolysis of the protein 
increases with increasing alkalinity, there is a  pH at which the total 
inactivation is minimum.  This point of minimum irreversible inacti- 
vation or point of maximum stability is at pH 2.3. 
On the alkaline side of pH  13.0 the reaction is similar to that in 
strongly acid solution and consists in the formation of inactive protein. 
No non-protein products are formed during the inactivation and the 
course of the reaction is monomolecular.  The velocity of the reaction 
increases with increasing alkalinity. 
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Fro. 1. Loss  in activity of trypsin solutions  at various pH 
In the intermediate range of pH, from 9.0 to 12.0, the trypsin pro- 
tein is partly hydrolyzed and partly changed to inactive protein so 
that the course of the reaction is represented by the sum of the bimo- 
lecular reaction, representing the hydrolysis, and the monomolecular, 
representing the transformation into inactive protein.  As the pH is 
increased beyond  11.0  the percentage of active  trypsin in  solution 
decreases rapidly so  that  the  rate  of the  reaction  resulting in  the 
hydrolysis of  denatured trypsin  becomes progressively slower.  On 
the other hand,  the reaction which results in  the  formation of in- 
active protein becomes progressively more rapid  so that  as a result 594  INACTIVATION OF CRYSTALLINE  TRYPSIN 
of these two reactions there is a  second point at about pH  13.0 at 
which the rate of irreversible inactivation is a minimum. 
It was found in general that the decrease in activity under all the 
various conditions was proportional to the decrease in concentration 
of the trypsin protein although in strongly acid or alkaline solutions a 
small amount of inactive protein is formed at 30°C. which cannot be 
separated quantitatively from the trypsin protein.  As a  result the 
specific activity of the "active native protein" decreases during the 
experiment.  In no case was the specific activity of the protein fraction 
higher than that of the original trypsin protein.  There is, therefore, 
no indication that protein can be destroyed without a corresponding 
loss in activity.  This result also shows that none of the split products 
of the trypsin protein has any appreciable activity.  They are, there- 
fore, similar to the resets of the experiments on the inactivation of 
pepsin (4).  Equations have been derived which agree quantitatively 
with the results of the various inactivation experiments. 
EXPERIMENTAL  RESULTS 
It was found that inactivated trypsin solutions could be quantita- 
tively analyzed for several definite fractions and these are referred to 
here as though they consisted of single compounds although they are 
probably mixtures of similar compounds.  In order to describe the 
results in detail it is necessary to define these various fractions.  The 
following terms have been selected for their brevity and are defined 
more or less arbitrarily in relation to the properties which distinguish 
the fractions during the analysis. 
Total  Protein.--Protein  precipitable by 2.5  per cent trichloracetic 
acid at 75°C. 
Total Native Protein.--Total protein soluble in ~/1 sodium chloride 
or sodium sulfate at pH 2.0. 
(a)  "I~etive  Native  Protein."--Native  protein  insoluble  in 
cold salt solution after heating in salt-free acid.  This fraction has 
no tryptic activity. 
(b)  "Active  Native  Protein"  (Trypsin  Protein).--Native  pro- 
tein soluble in cold salt solution after heating in acid.  This frac- 
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Total Denatured Protoin.--Protein insoluble in ~r/1 sodium chloride, 
pH 2.0. 
(a)  "Irreversibly  Denatured  Protdn."--Denatured  protein 
which does not become soluble in molar salt solution after stand- 
ing in dilute salt solution at pH 2.0. 
(b)  "Reversibly Denatured Protein."--Denatured protein which 
becomes soluble in molar salt solution after standing in dilute salt 
solution at pH 2.0. 
"Potentially Active Protein."--Active native protein in the original 
solution plus reversibly denatured protein (i.e. protein which becomes 
active native protein in dilute salt-free acid during the analysis). 
"Inactive Protein."--Protein insoluble in cold ~/1 sodium chloride, 
pH 2.0 after heating in salt-free acid solution; equals inactive native 
protein plus irreversibly denatured protein. 
"Activity."--The activity of the solution determined under condi- 
tions which prevent reactivation of any inactive enzyme (10 a).  It is 
measured by the rate of hydrolysis of a standard hemoglobin solution 
and expressed in terms of trypsin units IT. U.]  nb.  One IT. U.]  ~  pro- 
duces in 1 minute at 35.5°C. in 6 ml. digestion mixture an amount of 
color-producing  substance  not  precipitated  by  trichloracetic  acid 
which gives the same color as 1 milliequivalent of tyrosine (10 b). 
"Potential Activity."--The activity of the solution after standing in 
dilute  salt-free  solution  at  pH  2.0.  Under  these  conditions  the 
reversibly denatured trypsin reverts to the active native form. 
A.  Reversible Inactivation of Trypsin in Alkaline Solution 
1. Effect of pH.--If  solutions  of  purified  trypsin  are  heated  the 
trypsin is denatured but returns to its native condition upon cooling. 
The effect of alkali is similar to that of heat.  If a series of solutions of 
trypsin at 0°C. are titrated to increasingly alkaline reactions and sam- 
ples taken immediately into cold salt solution at pH 2.3, the denatured 
trypsin protein precipitates.  The per cent of the protein in this de- 
natured form increases with the alkalinity until at pH 13.0 practically 
all of the protein is denatured and inactive.  If samples are taken 
immediately into dilute salt-free acid so that the resulting solution is 
about pH 2.0 and these solutions are then allowed to stand for several 
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and  the  activity of these  samples is the  same as  the  original total 
activity of the solution.  The results of an experiment of this kind are 
shown in Fig. 2 in which the per cent denatured protein, as determined 
by analysis, or the per cent loss in activity, as determined by activity 
measurements, is plotted against the pH.  The figure shows that the 
fraction of the protein present in the denatured form is equivalent to 
the fraction of the activity lost.  It will be noted that the fraction of 
active native trypsin remaining in solution decreases rapidly on the 
alkaline side of pH 8.0 and follows quite closely the pH activity curve 
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Fia. 2.  Loss in activhy and formation of reversibly denatured protein in trypsin 
solutions at various pH and O°C. 
of trypsin-casein digestion.  The decrease in the rate of digestion of 
proteins by trypsin as the alkalinity is increased beyond pH  8.0  is 
evidently  due,  therefore,  to  the  formation  of  reversibly  denatured 
trypsin.  This result is direct  experimental evidence confirming the 
hypothesis of Michaelis and Davidsohn (5) that the effect of pH on the 
activity of trypsin is due to an equilibrium between an active and an 
inactive form of the enzyme which is shifted toward the inactive side 
as the alkalinity is increased.  It had previously been found that the 
increase in the rate of digestion of proteins by trypsin (6) as the alka- 
linity increases from pH 5.0 to 8.0 agrees with the assumption that the 
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basis to account for the subsequent decrease in the rate of digestion as 
the solution becomes increasingly alkaline.  The effect of the pH on 
the ionization of the protein together with the present experiments, 
however, furnishes a  complete picture of the pH  activity curve of 
trypsin.  In acid solutions trypsin is present in the active form but 
the substrate protein is almost entirely in the form of positive ions 
which are not digested by trypsin.  As the alkalinity increases, the 
percentage of substrate  protein present as  negative ions increases, 
and therefore,  the rate  of digestion increases.  As  the  alkalinity is 
increased still further the percentage of trypsin present in the active 
form begins to decrease.  Since the rate of digestion is proportional 
to the product of the concentration of negative protein ions times the 
concentration of active trypsin there is a  point at which this value 
and hence the rate of hydrolysis is a maximum and the position of this 
maximum will depend upon the  substrate protein used. 
2.  Effect of the Trypsin Concentration.--The preceding experiments 
show that there is an equilibrium between active native and reversibly 
denatured trypsin which is shifted toward the denatured side as the 
alkalinity increases beyond pH 8.0 and towards the active side as the 
solution is made acid.  In order to determine the nature of this equi- 
librium an experiment was carried out in which the concentration of 
trypsin was varied.  A series of solutions of different concentrations of 
trypsin were cooled to 0°C. and sodium hydroxide added so that the 
final  pH  of  all  the  solutions was  13.0.  The  solutions were  then 
immediately analyzed for activity by the urea method (Anson  and 
Mirsky (10 b)) and also by precipitation in 4/5 ~t sodium sulfate.  Ali- 
quot portions of the alkaline solutions were diluted with hydrochloric 
acid, the pH adjusted to 2.3  and the activity of these solutions de- 
termined.  The latter method determines the "potential activity" of 
the  solution since  under  these  conditions the reversibly denatured 
trypsin reverts to the active native form.  The results of the experi- 
ment are  shown in Table I,  in which the loss in activity has been 
expressed as per cent of the original activity.  The samples taken into 
acid show practically no loss in activity.  The loss in activity is, there- 
fore, reversible.  The table shows that the results by the urea method 
agree with those by the sodium sulfate method in concentrated solu- 
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used since very low concentrations of denatured protein do not precipi- 
tate.  The table also shows that the per cent denatured is independent 
of the original trypsin concentration.  It follows, therefore, that the 
reaction--native  trypsin  protein  to  reversibly  denatured  trypsin 
protein--is of the same order in both directions and may be expressed 
by the relation 
D 
~Kd 
A--D 
where A  and D  are the concentrations of potentially active and of 
reversibly denatured protein and (A  -  D)  is native active protein. 
TABL]~  I 
Denaturation of Various Concentrations of Trypsin pH 13.0 at O°C. 
Original concentration of active trypsin (active native protein),  f  I  rag. N/ml .................................................  3.83  0.?65  0.153  [ 0,0306  ! 0.0153 
Per cent loss in original activity 
Urea method ..................................  [ 97  [  96  94  91  87 
Sodium sulfate method .........................  i] 95  ]  92  (77) 
Per cent original activity recovered 
Hydrochloric acid solutions .....................  98.5  I  96  98  99  95 
K~ is the equilibrium constant of the reaction. 
where 
gd 
1 +Ka 
Therefore, D  --  a A 
K~ is a  function of the pH of the solution and becomes larger as the 
alkalinity is increased. 
B.  Irreversible  Inactivation  of Trypsin 
The inactivation of trypsin described in the preceding experiments 
is due to the formation of reversibly denatured protein which is in 
equilibrium with the active native protein.  If the solutions are al- 
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be  completely recovered.  The velocity of these reactions  and  the 
nature of the products formed depend upon the temperature and the 
pH of the solution.  The following experiments describe in detail the 
course of the reaction and the products formed under various condi- 
tions of pH and temperature.  Equations have been derived which 
predict the course of the inactivation. 
1.  Inactivation at O°C. and pH 13.0.--The results of an experiment 
in which trypsin solutions at pH 13.0 were allowed to stand at 0°C. are 
shown in Table II.  There is no change in the total protein but about 
four-fifths of the total native protein is changed practically instantly 
to denatured protein.  At the same time more than four-fifths of the 
TABLE  II 
Inactivation of Trypsin Solutions at pH 13.0 and O°C. 
Time at O°C. 
~o 
0 (control) 
0.083 
0.167 
0.50 
1.00 
5.00 
L5.00 
Total 
protein 
Nlml. 
rtsg. 
5.96 
6.00 
6.10 
5.90 
5.9C 
Total 
native 
protein 
N/r,d. 
~,g. 
5.90 
1.13 
0.92 
1.06 
0.85 
0.78 
0.67 
Activity 
1.00 
0.058 
0.056 
0. O98 
0.034 
0.017 
0.0012 
Total 
denatured 
protein 
N / ml. 
mg. 
o 
4.77 
5.00 
4.84 
5.05 
5.12 
5.23 
Inactiv 
proteit 
N#rd. 
mg. 
o 
0.90 
0.70 
1.20 
1.85 
4.70 
5.80 
Potentially 
active 
protein 
5.9 
5.0 
5.2 
4.7 
4.0 
1.20 
0.10 
Specific 
Potential  activity of 
activity  potentially 
active protein 
T rr ]Hb  [T rr ]Hb 
"~'Jml.  t  "~'Jtag.P..~ 
1.02  0.173 
0.90  O. 180 
0.88  O. 170 
0.80  0.170 
O. 71  O. 169 
0.24  0.200 
0.025  (0.25) 
activity disappears and hence a small amount of inactive native pro- 
tein is probably formed.  1  The protein is now mostly in the form of 
reversibly denatured protein which changes rapidly to inactive protein 
and as a  result the potentially active protein  (active native protein 
present  in  the  original  solution  plus  reversibly denatured protein) 
decreases and has practically disappeared at the end of 15 minutes. 
At the same time the potential activity (activity present in the original 
solution plus activity recovered in acid solution) decreases in almost 
exact proportion so that the specific activity of the potentially active 
1  This inactive native protein could not be determined by direct analysis in this 
experiment since the solution was too dilute. 600  INACTIVATION OF CRYSTALLINE TRYPSIN 
protein  remains  constant.  The  potentially  active  protein  is  deter- 
mined after heating the solution in dilute acid.  This procedure de- 
natures  and  removes the  inactive native protein,  referred  to above. 
The constant activity of the potentially active protein fraction shows 
that any irreversible loss in activity under these conditions is accom- 
panied  by a  corresponding  loss in  either  active native  or reversibly 
denatured  protein. 
2.  Inactivation  at pH  13.0 and 30°C.--If  the preceding experiment 
is performed at 30°C. instead of at 0°C. the total denatured protein is 
changed to inactive protein very rapidly so that the potential activity 
drops to practically zero during the first few minutes while the poten- 
TABLE III 
Inactivation of Trypsin pH 13.6  (in tg/1 Sodium Hydroxide) at 30°C.  Solutions 
Acidified after Various Times.  Total Nitrogen  =  7.35 Mg./Ml. 
Potentially  Amino  Non-protein  Total protein  Potential 
Time at 30°C.  active protein  nitrogen  nitrogen  activity 
0 (acid control 
0 pH 13.6 
5 rain. 
15  " 
1.5 hrs. 
3.5  " 
5.5  " 
16.0  " 
N/mt. 
mg. 
6.35 
0.65 
0.45 
0.45 
0.55 
0.45 
N  l ml. 
~g. 
0.70 
0.76 
0.90 
1.00 
1.06 
1.40 
l~  / ml. 
mg, 
1.0 
1.8 
2.2 
2.6 
3.6 
5.3 
5.6 
N/~. 
6.35 
5.55 
5.15 
4.75 
3.75 
2.05 
1.75 
b 
1.08 
0.051 
0 
0 
0 
tially active protein  drops to about 8  per  cent of its original  value 
(Table  III).  There  is  evidently a  small  quantity of protein  which 
appears in the potentially active protein fraction but which is inactive. 
This protein  (or a similar one) is also found in crude trypsin prepara- 
tions  and  cannot  be  separated  from  the  trypsin  protein  by  heat 
denaturation since it also reverts to the native form on cooling.  It can 
be separated from the active protein by repeated fractionation but so 
far it has not been possible to find any quantitative method of separa- 
tion.  On longer standing  at pH 13.0 the total protein begins to de- 
crease and at the same time there is an increase in the amino nitrogen 
content of the solution due to hydrolysis of the inactive protein. M.  KUNITZ  AND  JOHN  H.  NORTHROP  601 
Kinetics  of the Formation  of Inactive Protein at ptt 13.0.--The  pre- 
ceding experiments have shown that at pH 13.0 there is an instantly 
reversible equilibrium between active native and reversibly denatured 
protein and that on further standing the reversibly denatured protein 
is gradually changed to inactive protein.  Since D  =  a A  (cf. p. 598) 
the reaction may be considered to go directly from native to inactive 
protein and the equation for the velocity of the reaction may be written 
for dilute trypsin solutions 
dA  --m=K1A  dt 
whence K1 =  __2"3t  log ~  in which A is the potential activity at the time 
t.  This may be written 
2.3  1 
rl =  -/- log  
wherefa =  A  -~; i.e., the fraction of the total original activity present at 
the time t.  The results of an experiment at pH 12.8 and 30°C. have 
been plotted in Fig. 3 where the fraction of the activity present has 
1  been plotted against  the  time.  The  In of ~a  has also been plotted 
against the time and the resulting curve is a straight line showing that 
the equation agrees with the experimental results.  The value of the 
velocity constant is 0.364 per minute.  The loss in activity in this 
experiment is less rapid than in the experiment reported in Table III 
in which much more concentrated trypsin solution was used.  Theo- 
retically the per cent loss should be independent of the concentration 
and this is true below a concentration of about 1.0 mg. protein nitro- 
gen/ml.  As the concentration is increased above this the reaction 
apparently proceeds more rapidly.  This effect may be  due to  the 
difficulty of mixing the  very  concentrated alkali  with  the  trypsin 
solution. 
3.  Inactivation in Acid Solution at 30°C.--On the acid side of pH 2.0 
the inactivation of trypsin is quite similar to that just described in 
alkaline solution.  The result of an experiment under these conditions 
is shown in Table IV.  There is no decrease in the total protein.  The 
potential  activity  decreases  slowly  and  there  is  a  corresponding 602  INACTIVATION  OF  CRYSTALLINE  TRYPSIN 
X 
X 
1:00  x  x 
0.80 
Ix.  i":l  "-../ 
If  I  I  I  I  I  I  I  I 
t  2  3  4  5  6  7  8  .9  to 
Mintttos 
Fro. 3.  Decrease in activity of trypsin solutions at 30°C. and pI-I 12.8 
3.5 
3.0 
2.5 
9.0 
t.5 
1.0 
0.5 
TABLE  IV 
Inactivation of Trypsin in ~/2 Hydrochloric, Acid at 30°C.  Total Nitrogen  ffi 1.15 
Mg./MI.  Protein Nitrogen  =  0.80 Mg./Ml. 
Time 
hT$. 
0 
1 
3 
5 
8 
12 
16 
2O 
24 
32 
48 
Total protein 
N I  mL 
0.80 
cc 
C~ 
C¢ 
~c 
¢c 
~c 
cc 
~c 
Potentially 
active protein 
N/r~. 
rag. 
0.65 
0.58 
0.49 
0.49 
0.47 
0.40 
0.38 
0.35 
0.30 
0.30 
0.26 
Potential activity 
0.107 
0.0940 
O. 0730 
O. 0680 
O. 0650 
O. 0493 
0.0442 
0.0340 
0.0255 
O. 0204 
0.0068 
Specific activity 
T  rr  1Hb 
"~'Jmg. P. N 
0.165 
0.162 
0.149 
0.139 
O. 138 
O. 123 
0.126 
0.097 
O. 085 
0.068 
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decrease in potentially active protein so that its specific activity is 
nearly constant.  There is  again  a  small  amount of protein  which 
appears  in  the potentially active protein fraction but  which is not 
active as in the case of the alkaline inactivation.  The mechanism of 
the reaction consists in the formation of inactive protein from active 
native protein and may be represented by the same equation as that 
derived for the inactivation in alkaline solution.  In acid solution no 
denatured protein can be detected but in any case the formulation of the 
t.o 
0.8 
0.6 
0.4 
0.2 
3.5 
3.0 
×J  .1~/  2.5 
2.0 
,0" 
0.5 
I  I  I  1  I  l  I  I  I 
10  15  20  25  30  35  40  45  50 
Hours 
FIG. 4.  Loss in activity of trypsin solutions in M/2 hydrochloric acid at 30°C. 
reaction is the same.  The results of an experiment in M/2 hydrochloric 
acid at 30°C.  are shown in Fig. 4.  The fraction of the activity re- 
maining and the In of the reciprocal of this value have been plotted 
against  the time in  hours.  The logaritbmlc plot  is  a  straight line 
showing again that the equation a~ees with the experimental results. 
The value of the inactivation constant K1 in this  case is 0.001  per 
minute at 30°C. which is less than 1/300 of that at pH 13.0. 
4.  Inactivation  of Trypsin Jrom pH 2.5 to ptt 10.0 a~ 30°C.aFrom 
pH 2.0 to 10.0 the inactivation of trypsin at 30°C. is accompanied by 604  INACTIVATION  OF  CRYSTALLINE  TRYPSIN 
hydrolysis  of  the  protein  and  the  appearance  of non-protein  com- 
pounds.  No denatured protein can be detected in the solution.  The 
results of an experiment at pH 8.0 and 30°C. are shown in Table V. 
The decrease in potential activity is accompanied by a  corresponding 
decrease in total protein and an increase in non-protein nitrogen.  In 
more strongly alkaline solutions there is an equilibrium between active 
native and reversibly denatured protein and it follows, theoretically, 
that there must be some reversibly denatured protein present in the 
solution at any pH although it may not be in sufficient quantity to 
TABLE  V 
Inactivation of Trypsin at 30°C. in u/lO Borate Buffer, pH 8.0 
Time  Non-protein  Total protein  Potential activity  Specific  activity  nitrogen 
o 
0.Ol 
o.1 
0.25 
0.5 
0.75 
1.o 
1.5 
2.0 
3.0 
4.0 
5.0 
6.0 
23.5 
NImL 
mg. 
0.30 
0.34 
0.40 
0.48 
0.58 
0.62 
0.63 
0.68 
0.69 
0.71 
0.75 
0.76 
0.77 
0.86 
N/ml. 
trig. 
0.85 
0.81 
0.75 
0.67 
0.57 
0.53 
0.52 
0.47 
0.46 
0.44 
0.40 
0.39 
0.38 
0.29 
0.145 
0.141 
0.134 
0.116 
0.105 
0.088 
0.084 
0.075 
0.075 
0.066 
0.058 
0.056 
0.051 
0.029 
T  Tr ]lib 
•  v'Jmg. P. N 
0.170 
0.170 
0.179 
0.173 
0.184 
0.166 
0.161 
0.160 
0.163 
0.150 
0.145 
0.144 
0.139 
O.lOO 
detect experimentally.  It seems probable, therefore, that the inactiva- 
tion  is  due to  digestion  of the  reversibly denatured  protein  by the 
remaining  active native  protein.  This  assumption  is  confirmed  by 
the effect of temperature upon the rate of inactivation.  The tempera- 
ture  coefficient is higher  than  that  usually found for the velocity of 
digestion  and  agrees  approximately  with  the  effect of  temperature 
upon the formation  of reversibly denatured  trypsin  (3).  According 
to  this mechanism  the inactivation  of trypsin in  this  range  may be 
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1.  Active native trypsin ~- reversibly denatured trypsin. 
2.  Denatured trypsin +  active native trypsin --* non-protein nitrogen +  active 
native trypsin (catalytic reaction). 
The first reaction is instantaneous while the second is a  time reac- 
tion.  The final rate of the reaction depends first,  on the degree of 
denaturation which is a function of pH and temperature (2 b, 3), and 
second, on the velocity constant which expresses the rate of digestion 
of  the  denatured  trypsin  by  the  active  native  trypsin.  If  it  be 
assumed that the rate of digestion is proportional to the concentration 
of the active native trypsin as well as to the concentration of reversibly 
denatured protein D, then the rate of hydrolysis of trypsin is 
dA 
--  ~  ---  K~ D  (A  -- D) 
dl 
where A equals the concentration of potentially active trypsin  (active 
native plus reversibly denatured). 
Substituting for D  its equivalent D  ~-  a  A  (p. 598) the differential 
equation becomes 
dA 
--~  =K~a(1--a)  A 2=K~A  2 
dt 
which on intergration gives 
Ao  A 
AoA  AoA 
--  =  K~  t  (2) 
or: 
1  A 
--  --  1  ~  K~Ao  t  wherefa ~  --  (2a) 
.Ca  Ao 
When fA is plotted against t the resulting curve is a hyperbola assymp- 
totic to the t axis and intercepting the fA  axis at f~  --  1. 
This equation, which is of the bimolecular type, was found to fit 
the experimental data for the inactivation of dilute solutions of trypsin 
in the range of pH 4.0 to 10.0 to 30°C.  Buffer solutions kept the pH 
constant during the inactivation period. 
Table VI shows the application of the bimolecular equation  (2 a) 
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Fig.  5  shows the plotted data for pH 9.0.  The smooth curve was 
drawn through calculated values by substituting the average value of 
K2  A o  =  2.66/hour.  For  comparison  the  values  for  In 1  were 
fA 
plotted  against  time.  The logarithmic curve shows  clearly that  the 
inactivation of trypsin at this pH is not a monomolecular process. 
TABLE VI 
Rate of Inactivation  of Dilute  Trypsin Solution in ~t  / lO Borate or Phosphate Buffer 
Solutions  of Various pH at 30°C.  Initial Activity Ao  =  0.0051 [T.  U.]ml. 
Protein Nitrogen  =  0.03 Mg./Ml. 
m/.. 
5 
I0 
20 
40 
60 
90 
120 
180 
240 
pH 9.6  pH 9.0  pH 7.0 
0.76 
g2Ao 
1/f  A  --1 
0.064 
0.66  0.052 
0.53  0.045 
0.37  0.043 
0.25  0.050 
0.14,'  0.065 
0.12  0.061 
0.08  0.064 
0.06  0.065 
f  A  KtAo 
kr$. 
0.1  ).82  2.20 
0,2  ).63  1.95 
0.3  ).52  3.07 
0.4  ).47  2.81 
0.5  ).45  2.44 
0.75  ).35  2.48 
1.00  ).27  2.70 
2.00  ).16  2.62 
3.00  ). 10  3.00 
& 
]ITS. 
0.25  ).93 
0.50  ).83 
0.75  3.81 
1.00  ). 76 
2.00  ).64 
4.00  ).50 
7.00  ).37 
13.00  ).25 
23.00  3.15  I 
K*Ao 
0.28 
0.40 
0,31 
0.32 
0.28 
0.25 
0.24 
0.23 
0.25 
Average 0.057/min.  Average 2.66/hr.  Average 0.26/hr. 
0.057  2.66  K2  =  0.16/min. per mg. 
K2 --- '0.03 =  1.9/rain. per  K2  60 X 0.03  1.5/min.  protein nitrogen/ml. 
rag. protein nitrogen/ml,  per nag. protein nitrogen/ml. 
fa --- fraction of potential activity (original activity plus activity recovered  in acid solution) 
5.  Inactivation  of Trypsin from pH  10.0  to  12.0.--From  pH  2.5  to 
10.0 the inactivation of trypsin is due to destruction of protein and the 
appearance of non-protein  nitrogen while on the  alkaline  side of pH 
12.0  the  inactivation  is due  to the  formation of inactive from active 
protein.  The first reaction is bimolecular, the second monomolecular. 
In  the  intermediate  range  of pH  between  10.0  and  12.0 part  of the 
protein is digested and appears as non-protein nitrogen and part of it is M.  KUNITZ AND  JOHN  H.  NORTHROP  607 
transformed to inactive protein.  The pH  at which the formation of 
inactive protein becomes significant depends on the temperature.  As 
t.00 
0.80 
0.60 
0d0 
4 
3.0 
o - Observed data 
Smooth curve calculated by Equett/on 2a 
2.5 
~.0 
t.0 
O.~Or  ,  0.5 
t  2  3  4 
FIG. 5. Calculated and observed loss  in activity  of trypsin solutions  in M/10 
borate buffer  pH 9.0 and 30°C. 
TABLE  VII 
Inactivation  of Trypsin pH 9.0 at O°C.  Total Nitrogen  =  6.90 Mg./M1. 
Time 
0 (control) 
O. 083 
O. 167 
O. 500 
1.00 
5.00 
15.00 
Non-protein 
nitrogen 
N/rd. 
mg. 
0.80 
0.85 
0.90 
1.00 
1.20 
2.20 
4.05 
Total 
protein 
N/ml. 
~ng. 
6.10 
6.05 
6.00 
5.90 
5.70 
4.70 
2.85 
Inactive 
protein 
N/na. 
f,,l,g. 
0 
0.45 
1.00 
1.70 
2.50 
2.40 
0.50 
Potentially 
active protein 
NImL 
6.10 
5.60 
5.00 
4.20 
3.20 
2.30 
Potential 
activity 
1.04 
0.97 
0.87 
0.71 
0.53 
0.39 
0.39 
Specific 
activity 
Hb  [T'U']mg.P. N 
O. 170 
O. 173 
O. 170 
O. 169 
0.171 
O. 170 
the temperature is lowered the rate of digestion decreases more than 
the rate of formation of inactive protein and inactive protein accumu- 
lates in the solution; thus,  at pH  9.0  and 30°C.  no inactive protein 608  INACTIVATION OF CRYSTALLINE TRYPSIN 
appears in the solution and the reaction is purely bimolecular, while 
at 0°C. inactive protein accumulates in the solution and the equation 
for the reaction is the sum of a mono- and bimolecular equation.  The 
high temperature coefficient of the digestion reaction is due to the fact 
that the velocity of this reaction is  determined by  the  equilibrium 
between  active  native  and  reversibly  denatured  protein.  This 
equilibrium constant has a  high temperature coefficient (3)  and the 
equilibrium is shifted to  the denatured form as the temperature is 
increased.  The results of an experiment done at pH 9.0 and 0°C. are 
shown in Table VII.  The total protein decreases rapidly and increas- 
ing quantities of non-protein nitrogen and inactive protein are formed. 
The  potentially  active  protein,  therefore,  decreases  more  rapidly 
than the total protein.  The specific activity of the potentially active 
protein  remains constant.  The mechanism of the reaction consists 
in the formation of inactive protein (as discussed under No. 1) which 
is a  monomolecular reaction and the digestion of denatured  protein 
(discussed under No. 4) which is a bimolecular reaction.  The inactive 
protein is also subsequently hydrolyzed and its concentration, there- 
fore, goes through a maximum.  This is a secondary reaction and does 
not affect the kinetics of the inactivation of the original trypsin solu- 
tion.  The entire process, therefore, may be represented by the follow- 
ing differential equations. 
1. Active native trypsin ~  inactive protein (monomolecular);  i.e., 
dA 
--  --  =K1A 
dt 
2. Active native trypsin ~  reversibly denatured trypsin and active trypsin  + 
denatured trypsin  =  non-protein nitrogen +  active trypsin, (bimoleeular); i.e., 
dA 
--  --=  K,A* 
dt 
The rate of the complete process then is the sum of the rates of both reactions 
aA 
--d-~A=K,A+K,A*  or--~K,  fA+K~Aof~ 
dt  dt 
which on integration becomes 
K, .-t- K, A,, ya  2.3 log  = K1 t  (3) 
(KI +  K, Ao) .fa M.  KUNITZ AND  JOHN H.  NORTHROP  609 
The values for K1 and K9 can be obtained from two points.  Approximate  values 
for K1 and K2 can be obtained as follows: 
The differential equation 
=  +  K,  Ao:I 
d{, 
can be written as 
d lnf.i 
KI + K2 AofA  dt 
Hence 
d lnfA 
K1 "4- K2 A o  as f~ approaches 1.0  dt 
and 
d Inf,~  K1  asfa approaches 0.  dt 
Thus, if the values of In 1/JA are plotted against the time, the slope of the curve at 
t ffi 0 is K~ "-k K2 Ao, and the slope at ~ ffi a is K1. 
The reaction is of this type at 30°C.  even at pH 12.0.  The results 
of an experiment at pH 11.7 and 30°C. calculated in this way are shown 
in  Table  VIII  and are plotted in Fig. 6.  The calculated values for 
t agree very well with the observed values. 
Effect of the Concentratior~  of the Enzyme  Solution.--The  preceding 
experiments were carried out with dilute trypsin solutions and under 
these conditions the equation agrees very well with the experimental 
results.  However, when more concentrated solutions were used the 
agreement was not satisfactory.  The calculated bimolecular constant, 
K,, decreases as the process proceeds indicating that something hap- 
pens which decreases the rate of digestion.  A similar phenomenon is 
well known in relation to the kinetics of the hydrolysis of ordinary 
proteins by trypsin,  in this case the reaction should be monomolecu- 
lar but actually the monomolecular constant decreases quite rapidly 
with time.  This anomaly can be quantitatively explained by assum- 
ing that the products of digestion form an easily dissociated compound 
with the  active enzyme; i.e.,  enzyme plus products equals enzyme- 
products.  The complex of enzyme and products is inactive but the 610  INACTIVATION  OF CRYSTALLINE  TRYPSIN 
TABLE  VIII 
r  T  rr 1ltb  Inactivation o/Trypsin pH 11.7 at 30°C.  Initial Activity  =  0.0054 t  .u.Jr,  a. 
Application  o/Equation  3 
1  In K1 +  K2 AofA 
t =  I£1  (-~ +  K, A o)fA  Kt = 0.012  K,Ao =  0.04 
Observed 
mi~*. 
5 
8 
10 
15 
20 
25 
6O 
120 
Time 
Calculated 
rain. 
4.1 
10.0 
12.0 
14.0 
20.0 
24.0 
75.0 
125.0 
&  K unimolecular 
Equation 1 
0.84 
0.65 
0.60 
0.52 
0.45 
0.40 
0.137 
0. 062 
0.035 
0. 054 
0.051 
0.043 
0.040 
0.037 
0.033 
0.023 
K bimolecular 
Equation 2 
1.2 
2.1 
2.1 
1.9 
1.9 
1.9 
3.1 
3.9 
O -  0bset'ved data 
Smooth curve calculated by  Equat£on 3 
h 
tOG 
0.80 
0.60 
0.40 
0.20 
I  l  I  I  I  1  l 
20  40  60  80  100  120  140 
Minutes 
FIO. 6. Calculated and observed values  for  the loss  in activity  of trypsin  at pH 
11.7 and 30°C. 
per cent of the enzyme present in this form depends upon the concen- 
tration so that when a  solution is diluted the compound dissociates 
and  the  enzyme again  becomes  active.  This mechanism has been M.  KUNITZ  AND  JOHN  H.  NORTHROP  611 
checked experimentally for both the digestion of proteins by trypsin 
(7) and for the inactivation of trypsin (8) by the addition of the prod- 
ucts  of  digestion  to  the  solution.  Evidently  such  a  mechanism 
would account qualitatively for the results observed in the present 
case since it would predict that the rate of digestion would become 
slower as the process continued and also that the effect would be more 
noticeable in concentrated than in dilute solution.  If this mechanism 
is taken into account the inactivation of more concentrated trypsin 
solutions may  be  satisfactorily  calculated.  The  equation  derived, 
however, contains two arbitrary constants so that the agreement with 
the observed data is not very convincing.  The derivation is somewhat 
long and complicated and does not appear to be of sufficient interest 
to report in detail. 
Experimental Methods 
A.  Material 
The  material  used  was  crystalline  trypsin  prepared  from  beef 
pancreas, as previously described (2 a).  The trypsin was freed from 
ammonium salts either by washing the crystalline filter cake with a 
saturated solution of magnesium sulfate or by dialysis at 5°C. of a 
solution of trypsin against ~/200 hydrochloric acid.  The methods of 
analysis described apply only to such a  solution of purified trypsin. 
They cannot be applied to solutions containing ammonium salts nor 
to  solutions of crude trypsin  containing large  amounts of inactive 
protein. 
B.  Methods of Analysis 
All values for protein materials are expressed in terms of their nitro- 
gen content. 
1.  Total Protein Nitrog~.--5 ml. of solution added to 5 ml. 5 per 
cent trichloracetic acid and the suspension heated for 5 minutes at 
75°C. and cooled.  The suspension is filtered on hardened paper and 
the precipitate  washed with  2.5  per  cent  trichloracetic acid.  The 
precipitate is then washed with water into a Kjeldahl flask and the 
total  nitrogen  determined  (9).  The  supernatant  solution may  be 
analyzed for nitrogen and the protein nitrogen calculated by difference 
from this figure and the total nitrogen content of the solution. 612  INACTIVATION  O~'  CRYSTALLINE  TRYPSIN 
2.  Total Denatured  and  Total Native Protein.--1  ml.  solution  added 
to 4  ml. ~/1  sodium chloride s and centrifuged. 
Precipitate .................................  Total denatured protein. 
Supernatant ................................  Total native protein. 
3.  Potentially  Active Protein and Inactive Protein.--Solution  diluted 
to  <  0.05  ~  salt  concentration,  titrated  to pH  2.0,  heated  to 80°C. 
TABLE  IX 
Denaturation of Trypsin pH 13.0 in 1¢/2 Sodium Hydroxide at O°C.  Total Nitrogen 
-- 7.3 Mg./Mt.  1 MI. Added to 4 Ml. of Various Salt Solutions 
It 7Z  Salt solution  Sodium chloride  Sodium sulfate  slum 
Concentration  ...........  2.5MI 2.0xrl  |.Sml 1,0m  m/1 [3/4M  M/2 [M/4tM/8  M/16 ]l l/2satU-rated 
Precipitate  in all 
N ha precipitate  by  5.8 
Total N  in filtrate,  2.6  4.1  2.4 
difference, rag ....  5.0  5.0  4.7  3.5  5.0  5.2  4.7  3.2  1.5  0.4  4.9 
for 1 minute, cooled to 20°C.  1 ml. 5 ~r sodium chloride added to 5 ml. 
of solution and centrifuged. 
Precipitate ...........  Inactive protein. 
=  Irreversibly denatured plus inactive  native protein. 
Supernatant ..........  Potentially active protein. 
-- Active native plus reversibly denatured. 
The value obtained for the total denatured and total native fraction by the 
method outlined is independent of the nature and concentration of the salt solution 
used over quite a  wide range.  This is shown in Table IX which summarizes the 
result of an experiment in which the denatured protein was precipitated by sodium 
chloride, sodium sulfate or magnesium sulfate.  As the table shows, the quantity 
of denatured  protein precipitated  was the same for all  three salts in the higher 
concentrations.  The solutions were also analyzed by means of activity determina- 
tions as summarized in Table IV. X~. KUNITZ  AND  JOHN  H.  NORTHROP  613 
Activity  Determinations 
The  activity was  determined by  the  hemoglobin method  (10 b). 
Commercial hemoglobin was used.  The specific activity of crystalline 
trypsin was found to be 0.17 [T.  m  U.]mg. P. N. 
The results were checked occasionally by other methods such as 
casein digestion or gelatin viscosity (11).  The per cent inactivation as 
determined by the various methods agrees, as shown in Table X. 
TABLE  X 
Comparison of Various Methods of Measuring Loss in Activity of Trypsin Solution 
ptt 6.8 on Standing at 30°C. 
Method  Digestion  Viscosity  of casein  of gelatin  Hemoglobin 
Per cent activity lost after 0.5 hr. 
1.0  " 
2.0 hrs. 
4.0  " 
5.5  " 
34 
48 
52 
63 
69 
37 
48 
53 
58 
69 
40 
46 
55 
58 
66 
Methods 
1.  Activity of the Solution.-- 
(a)  Urea Method.--1 ml. of the solution added to urea solution and 
the activity determined as described by Anson and Mirsky  (10 a). 
(b)  Predpitation.--1  ml.  of solution precipitated with salt  as for 
total denatured protein and activity determined on  the supernatant 
fluid. 
The results of these two methods agree, as Anson and Mirsky have 
shown, and as has been confirmed during the course of this work. 
2.  Potential Activity.--Solution diluted to  <  0.05 •  salt concentra- 
tion, titrated to pH 2.0,  kept at 20°C.  for 1 hour and activity deter- 
mined. 
Most of the analytical determinations reported in this paper were 
done by Miss Margaret McDonald. 
S~ARY 
i.  The rate of inactivation of crystalline trypsin solutions and the 
nature of the products formed during the inactivation at various pH 
at temperatures below 37°C. have been studied. 614  INACTIVATION OF CRYSTALLINE  TRYPSIN 
2.  The inactivation may be reversible or irreversible.  Reversible 
inactivation is accompanied by the formation of reversibly denatured 
protein.  This denatured protein exists in equilibrium with the native 
active protein and the equilibrium is shifted towards the denatured 
form by raising the temperature or by increasing the alkalinity.  The 
decrease in the fraction of active enzyme present (due to the formation 
of this reversibly denatured protein) as the pH is increased from 8.0 to 
12.0 accounts for the decrease in the rate of digestion of proteins by 
trypsin in this range of pH. 
3.  The loss of activity at  high  temperatures or  in  alkaline  solu- 
tions, just described, is very rapid and is completely reversible for a 
short time only.  If the solutions are  allowed to  stand the loss in 
activity becomes gradually irreversible  and is  accompanied by  the 
appearance of various reaction products the nature of which depends 
upon the temperature and pH of the solution. 
4.  On the acid side of pH 2.0 the trypsin protein is changed to an 
inactive form which is irreversibly denatured by heat.  The course 
of the reaction in this range is monomolecular  and its velocity increases 
as the acidity increases. 
5.  From pH 2.0 to 9.0 trypsin protein is slowly hydrolyzed.  The 
course of the inactivation in this range of pH is bimolecular and its 
velocity increases  as  the  alkalinity increases  to  pH  10.0  and then 
decreases.  As  a  result  of  these  two  reactions there  is  a  point  of 
maximum stability at about pH 2.3. 
6.  On the alkaline side of pH 13.0 the reaction is similar to that in 
strong acid solution and consists in the formation of inactive protein. 
The course of the reaction is monomolecular and the velocity increases 
with  increasing alkalinity.  From pH  9.0  to  12.0  some hydrolysis 
takes place and some inactive protein is formed and the course of the 
reaction is represented by the sum of a bi- and monomolecular  reaction. 
The rate of hydrolysis decreases as the solution becomes more alkaline 
than pH 10.0 while the rate of formation of inactive protein increases 
so that there is a second point at about pH 13.0 at which the rate of 
inactivation is a minimum.  In general the decrease in activity under 
all these conditions is proportional to the decrease in the concentration 
of  the  trypsin protein.  Equations have been  derived which agree 
quantitatively with the various inactivation experiments. M. KUNITZ  AND  JOH-N H. NORTHROP  615 
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